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I .  INTRODUCTION 


Blast  effects  from  nuclear  weapons  are  directly  responsible  for 
various  forms  of  structural  damage  to  residential  and  industrial 
buildings.  A  considerable  amount  of  information  about  the  blast  response 
of  full-scale  and  model  structures  has  been  obtained  in  previous  nuclear 
and  high-explosive  test  programs.1  However,  in  many  cases  correlation 
between  the  observed  structural  damage  and  the  predicted  results  has 
been  hampered  by  uncertainties  in  the  blast  loading  history  on  the 
structures.  These  uncertainties  in  the  blast  loading  have  typically 
been  experienced  for  industrial-type  structures,  typified  by  the 
partially-open  industrial  building1  shown  in  Figure  1.  This  building 
has  a  steel  framework  covered  with  concrete  siding  and  a  frangible 
metal  roof.  The  concrete  siding  only  partially  covers  the  two  walls, 
leaving  a  considerable  part  of  the  wall  area  open.  The  level  of  blast 
damage  experienced  by  a  given  structure  is  a  function  of  the  blast 
wave  peak  overpressure,  the  positive  phase  duration  (yield),  and  the 
orientation  of  the  structure  with  respect  to  the  incident  shock.  The 
prediction  of  the  unsteady  blast  loading  on  such  structures  is  difficult 
because  of  the  complex  geometry. 

Success  was  recently  achieved  at  the  BRL  in  predicting  the  blast 
loading  on  an  S-280  Electrical  Equipment  Shelter  struck  at  an  oblique 
angle  by  a  32.8  kPa  (4.75  psi)  overpressure  step  shock.2  The  shelter 
is  essentially  a  rectangular  parallelepiped,  3.62  m  wide,  2.17  m  deep, 
and  2.11  m  high.  The  numerical  results  were  obtained  using  a  modified 
version*  of  the  three-dimensional  (3-D)  HULL  hydrocode,3  which  solves 
the  inviscid  Euler  equations.  The  shelter  was  modeled  in  the  computa¬ 
tional  flow  field  as  a  rigid  obstacle  sitting  on  a  perfectly  reflecting 
ground  plane.  It  was  oriented  so  that  its  front  face  (one  of  the  two 
3.62  m  by  2.11  m  faces)  was  at  a  52.5  degree  angle  to  the  oncoming  shock 


^ S .  Glass  tone,  and  P.  J.  Dolan  (Ed.),  "The  Effects  of  Nuclear  Weapons ," 
Dept,  of  Army  Pamphlet  50-3,  March  1977. 
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R.  E.  Lottero,  J.  D.  Wortman,  B.  P.  Bertrand  and  C.  W.  Kitchens ,  Jr., 

'' Oblique  Interaction  of  a  Shock  Wave  with  a  Tactical  Corrmunications 
Shelter, "  Proceedings  of  the  1980  Army  Numerical  Analysis  and 
Computers  Conference,  Moffett  Field,  CA,  21-22  February  1980. 

*  #  - 
The  modifications  were  made  to  the  AFWL  version 3  at  the  BRL  both  by 

the  BRL  and  by  individuals  under  contract  to  the  BRL.  The  modified 

version  has  been  given  to  AFWL. 

7. 

M.  A.  Fry,  R.  E.  Durrett,  G.  P.  Ganong,  D.  A.  Matuska,  M.  D.  Stucker, 
B.  S.  Chambers,  C.  E.  Needham,  and  C.  D.  Westmoreland ,  "The  HULL 
Hydrodynamics  Computer  Code,"  AFWL-TR-76-183,  U.S.  Air  Force  Weapons 
Laboratory ,  Kirtland  Air  Force  Base,  NM  (September  1978). 


wave  front,  with  the  angle  measured  between  the  front  face  and  the  wave 
front.  The  accuracy  of  these  3-D  calculations  was  verified  by  compari¬ 
son  with  experimental  results  taken  in  the  BRL  0.6  m  (24  inch)  diameter4 
shock  tube  using  a  1/18  scale-model  shelter. 

Figure  2  shows  a  comparison  between  the  predicted  and  measured 
overpressure  histories  at  a  typical  point  on  the  shelter  front  face. 
Every  fifth  computed  data  point  on  the  curve  of  the  predicted  results 
from  HULL  has  been  marked  with  an  "X"  for  ease  in  differentiating 
between  the  two  curves.  The  experimental  results  show  a  shock  which 
has  reflected  from  the  shelter,  traveled  to  the  shock  tube  wall,  and 
reflected  from  it,  arriving  at  the  gage  on  the  front  face  at  1.2  ms. 

This  "interference  effect"  was  not  simulated  in  the  computation  because 
the  computational  boundaries,  except  for  the  ground  plane,  are  trans¬ 
missive.  The  results  are  in  good  agreement;  similar  good  agreement  was 
found  in  the  comparisons  for  other  shelter  faces  (not  shown  here) .  The 
conclusion  from  this  work  was  that  the  modified  3-D  HULL  hydrocode  can 
provide  accurate  blast  loading  predictions  (errors  less  than  approxi¬ 
mately  10%)  for  this  class  of  problems  at  moderate  cost. 

The  main  difference  between  a  computational  study  of  an  open 
industrial  structure1  and  that  for  the  shelter  model2  is  that  a  hollow, 
thin-walled  structure  with  both  internal  and  external  flow  must  be 
modeled  instead  of  a  solid  structure  with  only  external  flow.  However, 
these  two  problems  are  of  the  same  class,  and  hence  HULL  should  be 
expected  to  provide  an  accurate  computation  for  the  open  structure. 

This  is  an  area  in  which  hydrocodes  have  not  yet  been  properly  exploited 
but  could  be  used  to  provide  the  loading  as  a  function  of  time  on  the 
walls,  roofs,  and  floors  of  such  structures.  More  sense  could  then  be 
made  of  existing  experimental  data,  and  information  could  be  generated 
where  none  now  exists.  This  report  describes  the  computations  in  this 
feasibility  study  and  presents  typical  results  to  illustrate  that  blast 
loading  at  arbitrary  obliquity  on  open  industrial  structures  can  be 
predicted  by  computational  means. 


II.  DESCRIPTION  OF  COMPUTATION 

The  approach  adopted  in  this  study  has  been  to  exploit  the 
demonstrated  capability2  of  the  BRL's  version  of  HULL  to  predict 
loading  on  3-D  structures  from  oblique  shock  diffraction.  This  was 
done  by  adapting  the  3-D  computational  grid  for  the  shelter  model 
to  simulate  an  identical  shock  wave  at  the  same  angle  of  obliquity 
diffracting  over  an  open  industrial  building.  The  building  was 
"constructed"  by  hollowing  out  the  shelter  model,  leaving  front  and 


4C.  A.  Coulter  and  B.  P.  Bertrand,  "BRL  Shook  Tube  Facility  for  the 
Simulation  of  Air  Blaet  Effects,"  U.S.  Army  Ballistic  Research 
Laboratory  Memorandum  Report  No.  1685 ,  August  1965,  (AD  475669). 
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back  walls  that  were  one  cell  thick.  The  shelter  endwalls  were 
removed  and  the  flat  roof  was  replaced  with  a  peaked  roof.  Window 
openings  were  added  at  the  centers  of  both  remaining  walls,  leaving 
12. 5%  of  the  wall  area  open.  The  windows  are  one-fourth  of  the  wall 
height  and  one-half  of  the  wall  length  in  size. 

Figure  3  shows  a  schematic  view  of  the  model  structure  treated  in 
this  study.  The  peaked  roof  is  irregular  because  rectangular  parallel¬ 
epiped  cells  (which  are  either  all  hydrodynamic  or  all  rigid)  are  used 
in  the  present  version  of  3-D  HULL;  future  work  is  planned  to  eliminate 
this  shortcoming.  The  roof  slope  increases  slightly  with  height  due 
to  the  use  of  a  variable  mesh;  this  can  easily  be  refined  in  further 
studies . 

The  complete  finite-difference  grid  consists  of  92,512  cells,  with 
49  x  59  x  32  cells  in  the  X,Y,  and  2  directions,  respectively.  The  model 
structure  is  placed  on  the  ground  plane  (Z  =  0),  roughly  in  the  center 
of  the  X-Y  plane.  Figure  4  is  a  top  view  of  the  computational  grid, 
showing  the  gTid  boundaries,  the  location  of  the  structure  within  the 
grid,  and  the  position  of  the  incident  shock  at  the  start  of  the 
calculation  (t  =  -  0.07  ms).  By  definition,  the  shock  strikes  the 
leading  edge  of  the  structure  at  t  =  0.  The  mesh  size  inside  and 
immediately  adjacent  to  the  structure  is  approximately  0.74  x  0.73  x 
0.71  cm.  The  mesh  size  geometrically  increases  with  distance  away  from 
the  building,  giving  approximately  a  7%  variation  in  size  between 
adjacent  cells.  The  transmissive  grid  boundaries  are  located  far  enough 
away  from  the  structure  that  more  than  1  ms  of  the  loading  process  can 
be  simulated  for  this  model  size.  (Wave  interactions  with  transmissive 
grid  boundaries  can  send  artificial  waves  back  into  the  computational 
flow  field.)  A  computational  grid  simulating  a  larger  region  around 
the  model  would  have  to  be  used  in  order  to  compute  farther  out  in  time 
to  have  confidence  that  artificial  waves  were  not  reaching  regions  of 
interest.  The  32.8  kPa  shock  impinges  on  the  front  wall  of  the  structure 
at  an  angle  of  52.5°.  This  angle  was  chosen  because  it  produces  a  peak 
reflected  pressure  on  the  front  face  that  is  larger  than  that  for  normal 
reflection  (for  a  nominal  34.5  kPa  shock). 

Figure  4  also  shows  the  location  of  four  positions  (A  through  D) 
on  the  front  and  back  walls  of  the  structure  at  which  predicted  pressure¬ 
time  histories  will  be  presented.  These  points  are  located  at 
Y  =  34.7  cm  and  Z  =  2.8  cm,  slightly  below  the  window  openings.  The 
computational  results  for  this  problem  were  obtained  in  approximately 
30  minutes  of  CPU  time  on  the  BRL  Cyber  76  computer. 


III.  DISCUSSION  OF  RESULTS 

Figures  5-8  present  a  qualitative  indication  of  the  three-dimen¬ 
sional  diffraction  process  occurring  as  the  shock  transits  the  model 
structure.  Figures  5a  -  8a  show  a  time  sequence  of  isobars  (pressure 
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contours)  in  a  horizontal  plane  (Z  =  5.3  cm)  which  passes  through  the 
window  openings,  just  below  the  middle  of  the  windows.  The  shock  is 
moving  from  the  lower  left  corner  of  the  figure,  approximately  toward 
the  upper  right.  It  is  depicted  by  the  concentration  of  isobars. 

Figures  5b  -  8b  show  the  same  time  sequence  of  isobars  in  an  orthogonal 
view;  this  vertical  plane  passes  through  approximately  the  middle  of 
the  building  (Y  =  29.8  cm).  The  sequence  of  figures  also  gives  an 
indication  of  the  shock  movement  through  the  grid.  The  contour  numbers 
indicated  on  the  figures  refer  to  overpressure  levels.  The  waviness  of 
the  contour  lines  near  the  grid  boundaries  is  an  artifact  of  the  contour 
drawing  algorithm,  which  is  further  accentuated  by  the  high  aspect 
ratios  of  the  flow  field  cells  in  those  regions. 

The  reflection  of  the  incident  shock  from  the  front  and  back  walls 
can  be  traced  through  Figures  5a  -  7a.  The  back  wall  is  partially 
shielded  from  the  incident  shock  wave  by  the  presence  of  the  front  wall; 
this  effect  can  be  seen  in  Figures  7a  and  8a.  Figures  5b  -  7b  show  the 
progression  of  the  diffracted  shock  through  the  windows  and  over  and 
along  the  peaked  roof.  Figures  8a  and  8b  illustrate  the  late-time 
diffraction  process  as  the  incident  shock  reaches  the  rear -most  corner 
of  the  structure  relative  to  the  corner  which  the  shock  first  encounters 

Quantitative  comparisons  of  the  computed  results  have  been  made 
between  the  loading  at  opposite  positions  on  both  the  front  and  back 
walls  to  demonstrate  the  significance  of  shielding  effects.  Figure  9 
shows  the  predicted  overpressure  histories  at  positions  A  (outside 
surface)  and  B  (inside  surface)  on  the  front  wall.  The  curve  for 
position  A  has  every  fifth  computed  point  marked  with  an  "X"  for  ease 
of  differentiation  between  the  two  curves.  (The  curve  for  point  D  on 
Figure  10  is  similarly  marked.)  The  computed  loading  histories  are 
consistent  with  the  qualitative  results  in  Figures  5-7.  The  net 
loading  at  this  position  is  directed  inward  until  approximately  t  = 

0.7  ms,  at  which  time  the  direction  momentarily  reverses,  apparently 
due  to  the  arrival  of  waves  reflected  from  the  back  wall. 

Figure  10  shows  a  similar  comparison  between  the  overpressure 
histories  at  positions  C  (inside  surface)  and  D  (outside  surface)  on 
the  back  wall.  The  net  loading  at  this  position  is  directed  outward 
during  the  time  interval  shown,  with  a  loading  history  that  is  quite 
different  from  that  shown  in  Figure  9.  In  this  case  a  secondary  peak 
at  t  =  0.9  ms  in  the  net  loading  at  this  position  is  apparently 
caused  by  waves  reflected  from  the  inside  of  the  front  wall. 


IV.  CONCLUSIONS 

This  feasibility  study  has  shown  that  the  modified  3-D  HULL 
hydrocode  can  be  used  to  predict  the  blast  loading  on  a  fairly  complex 
industrial -type  building.  The  qualitative  results  exhibit  the  features 
expected  during  such  a  shock  diffraction  process.  The  net  loading 


history  on  the  walls  of  the  structure  can  easily  be  obtained  from  the 
computed  results  for  use  in  structural  response  analysis. 

It  should  be  recognized,  however,  that  the  accuracy  of  the  predicted 
blast  loading  history  has  not  been  established  for  this  case.  Further 
numerical  studies,  including  comparisons  with  experimental  data,  will  be 
needed  to  validate  the  predicted  loading  on  such  buildings  and  assess 
the  overall  accuracy  of  the  results.  At  this  point  we  are  optimistic 
that  the  results  will  prove  to  be  accurate  enough  to  be  useful  in 
analyzing  the  response  and  vulnerability  of  such  structures. 


j 


j 


REFERENCES 


S.  Glasstone,  and  P.  J.  Dolan  (Ed.),  "The  Effects  of  Nuclear 
Weapons,"  Dept,  of  Army  Pamphlet  50-3,  March  1977. 

R.  E.  Lottero,  J.  D.  Wortman,  B.  P.  Bertrand  and  C.  W.  Kitchens,  Jr., 
"Oblique  Interaction  of  a  Shock  Wave  with  a  Tactical  Communications 
Shelter,"  Proceedings  of  the  1980  Army  Numerical  Analysis  and 
Computers  Conference,  Moffett  Field,  CA,  21-22  February  1980. 

M  A  Fry,  R.  E.  Durrett,  G.  P.  Ganong,  D.  A.  Matuska,  M.  D.  Stucker, 
B  S  Chambers,  C.  E.  Needham,  and  C.  D.  Westmoreland,  "The  HULL 
Hydrodynamics  Computer  Code,"  AFWL-TR- 76-183,  U.S.  Air  Force  Weapons 
Laboratory,  Kirtland  Air  Force  Base,  NM  (September  1976). 


G.  A.  Coulter  and  B.  P.  Bertrand, 
Simulation  of  Air  Blast  Effects," 
Laboratory  Memorandum  Report  No. 


"BRL  Shock  Tube  Facility  for  the 
U.S.  Army  Ballistic  Research 
1685,  August  1965,  (AD  475669). 


13 


OVERPRESSURE  (  kPo) 


Figure  1.  Stcel-framc  industrial  building  (from  Glasstone  and  Dolan1) 


Figure  2 


TIME  (m»J 


Comparison  of  predicted  and  measured  overpressure-time 
histories  at  typical  point  on  front  face  of  S-280 
Electrical  Equipment  Shelter  model  (from  Lottero  et  al;  ). 


Figure  3.  Schematic  of  partially-open  Industrial  building 
modeled  In  3-D  grid. 


Isobar  Seal* 
(kPa) 

2  1.04E02 

3  1.12E02 

4  1.20E02 

5  1.28  E  02 

6  1.36E02 

7  1.44  E02 

8  1.52E02 

9  1.60E02 

10  1.68E02 


10  20  30  40  50  60  70  80  90 

DEPTH  (cm) 


- Isobar 

Isobar  Seal* 
(kPo) 

2  1.04E02 

3  1.12E02 

4  I.20E02 

5  1.28E02 

6  1.36  E02 

7  1.44  E02 


(b)  n  l _ _ wfiLjm _ i _ i - 1 _ i _ i _ i _ «.  x 

0  10  20  30  40  50  60  70  80  90 

DEPTH  (cm) 


Figure  7.  Isobars  predicted  at  t  =  0.38  ms;  (a)  Z  «  5.3  cm 
fbl  Y  =  29.8  cm. 
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630  North  Rosemead  Blvd. 
Pasadena,  CA  91107 

7  TRW  Systems  Group 

ATTN:  Paul  Lieberman 

Benjamin  Sussholtt 
Norm  Lipner 
William  Rowan 
Jack  Farrell 
Pravin  Bhutta 
Tech  Info  Ctr/S-1930 
One  Space  Park 
Redondo  Beach,  CA  92078 
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1  TRW  Systems  Group 
ATTN:  Greg  Hulcher 

San  Bernardino  Operations 

P.0.  Box  1310 

San  Bernardino,  CA  92402 

2  Union  Carbide  Corporation 
Holifield  National  Laboratory 
ATTN:  Doc  Control  for 

Tech  Lib 

Civil  Defense  Research  PtoJ 
P.0.  Box  X 

Oak  Ridge,  TN  37830 

1  Universal  Analytics,  Inc. 
ATTN:  E.  I.  Field 
7740  W.  Manchester  Blvd. 

Playa  del  Rey,  CA  90291 

1  Weidlinger  Assoc.  Consulting 
Engineers 

ATTN:  M.  L.  Baron 
110  East  59th  Street 
New  York,  NY  10022 

1  Westinghouse  Electric  Co. 
Marine  Division 

ATTN:  W.  A.  Votz 
Hendy  Avenue 
Sunnyvale,  CA  94008 

2  Battelle  Memorial  Institute 
ATTN:  Technical  Library 

R.  W.  Klingesmith 
505  King  Avenue 
Columbus,  OH  43201 

1  California  Institute  of 
Technology 
ATTN:  T.  J.  Ahrens 
1201  E.  California  Blvd. 
Pasadena,  CA  91109 


2  Denver  Research  Institute 
University  of  Denver 
ATTN:  Mr.  J.  Wisotski 

Technical  Library 
P.0.  Box  10127 
Denver,  CO  80210 

3  IIT  Research  Institute 
ATTN:  Milton  R.  Johnson 

R.  E.  Welch 
Technical  Library 
10  West  35th  Street 
Chicago,  IL  60616 

2  Lovelace  Foundation  for 
Medical  Education 
ATTN:  Asst.  Dir  of  Research/ 
Robert  K.  Jones 
Technical  Library 
5200  Gibson  Blvd.,  SE 
Albuquerque,  NM  87109 

1  Massachusetts  Institute  of 

Technology 

Aeroelastic  and  Structures 
Research  Laboratory 
ATTN:  Dr.  E.  A.  Witmer 
Cambridge,  MA  02139 

2  Southwest  Research  Institute 
ATTN:  Dr.  W.  E.  Baker 

A.  B.  Wenzel 
8500  Culebra  Road 
San  Antonio,  TX  78206 

2  SRI  International 

ATTN:  Dr.  G.  R.  Abrahamson 
Carl  Peterson 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 
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1  University  of  Dayton 
Industrial  Security 
Super.  KL-S05 
ATTN:  H.  F.  Swift 
300  College  Park  Avenue 
Dayton,  CH  45409 

1  University  of  Illinois 
Consulting  Engineering  Services 
ATTN:  Nathan  M.  Newmark 

1211  Civil  Engineering  Bldg 
Urbana,  IL  61801 

2  The  University  of  New  Mexico 
The  Eric  H.  Nang  Civil 

Engineering  Research  Facility 
ATTN:  Larry  Bickle 
Neal  Baum 

University  Station 
Box  188 

Albuquerque,  NM  87131 

2  Washington  State  University 

Administration  Office 
ATTN:  Arthur  Miles  Hohorf 
George  Duval 
Pullman,  WA  99163 

Aberdeen  Proving  Ground 

Dir,  USAMSAA 
ATTN:  DRXSY-D 

DRXSY-MP,  H.  Cohen 
Cdr,  USATECOM 

ATTN:  DRSTE-TO-F 
Dir,  US ACS L 

Bldg.  E3516,  EA 
ATTN:  DRDAR-CLB-PA 


USER  EVALUATION  OF  REPORT 


Please  take  a  few  minutes  to  answer  the  questions  below;  tear  out 
tills  sheet,  fold  as  indicated,  staple  or  tape  closed,  and  place 
in  the  mail.  Your  comments  will  provide  us  with  information  for 
improving  future  reports. 

1 .  BRL  Report  Number _ 

2.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related 
project,  or  other  area  of  interest  for  which  report  will  be  used.) 


3.  How,  specifically,  is  the  report  being  used?  (Information 
source,  design  data  or  procedure,  management  procedure,  source  of 
ideas,  etc.) _ _  _  _  _ _ 


4.  Has  the  information  in  this  report  led  to  any  quantitative 
savings  as  far  as  man-hours/contract  dollars  saved,  operating  costs 
avoided,  efficiencies  achieved,  etc.?  If  so,  please  elaborate. 


5.  General  Comments  (Indicate  what  you  think  should  be  changed  to 
make  this  report  and  future  reports  of  this  type  more  responsive 
to  your  needs,  more  usable,  improve  readability,  etc.) _ 


6.  If  you  would  like  to  be  contacted  by  the  personnel  who  prepared 
this  report  to  raise  specific  questions  or  discuss  the  topic, 
please  fill  in  the  following  information. 


Name ; 

Telephone  Number: 
Organization  Address: 


Director 

US  Army  Ballistic  Research  Laboratory 
Aberdeen  Proving  Ground,  MD  21005 
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BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  NO  12062  WASHINGTON, DC 
POSTAGE  WILL  BE  PAIO  BY  DEPARTMENT  OF  THE  ARMY 


Director 

US  Army  Ballistic  Research  Laboratory 
ATTN:  DRDAR-TSB 

Aberdeen  Proving  Ground,  MD  21005 
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FOLD  HERE 


